We describe here a simple, fast, and reliable bioassay method for therapeutic drug monitoring of voriconazole. Fifty-eight clinical and external quality control samples were evaluated with this microbiological assay, and results were compared with those obtained with a previously validated chromatographic method. A good correlation between both assays was observed. This particular microbiological method was demonstrated to be simple and offers enough precision and accuracy to perform voriconazole therapeutic drug monitoring in laboratories without specialized equipment.
V
oriconazole is used for the treatment of invasive fungal infections. It is currently considered the first-line agent for the treatment of invasive aspergillosis (1) and a valid alternative for treating invasive candidiasis (2) .
It is available as both an oral and intravenous formulation and is characterized by a saturable hepatic metabolism influenced by genetic background and specific clinical conditions. Most published data have shown substantial inter-and intraindividual variabilities of trough concentrations, and recent published data have suggested that its efficacy and tolerance could be increased with therapeutic drug monitoring (TDM), a suitable strategy to maximize the cost-effectiveness of this treatment (3) (4) (5) . Several retrospective studies and also two prospective studies recently published support the usefulness of TDM with voriconazole treatment (3) (4) (5) (6) (7) . A target blood concentration of voriconazole ranging between 1.0 and 6.0 g/ml (therapeutic range) has been demonstrated to have great utility for patient management (8) (9) (10) . To evaluate antifungal concentrations, several quantification methods, most based on high-performance liquid chromatography (HPLC) (11) (12) (13) (14) (15) and microbiological assays (bioassay), have been described in the literature (16) (17) (18) (19) . Bioassays offer simplicity and lower costs and are therefore a valid alternative to chromatographic methods in clinical laboratories without specialized equipment. Nevertheless, some disadvantages have been described, such as lack of standardization and lower precision and accuracy than chromatographic methods, and also limited utility in cases of antifungal combined therapy.
The aim of this study was to develop a simple, fast, nonexpensive, and reliable bioassay for voriconazole quantification. A cross-validation between this assay and a previously validated chromatographic method was also performed (20) in order to address the effectiveness of the microbiological method for treatment follow-up.
The biological activity of voriconazole in serum samples was measured in a diffusion assay. Preparation of the media, reagents for the assay, and the test organism (Candida kefyr ATCC 28838; voriconazole MIC, 0.015 g/ml) were previously described (21) , including the following minor modifications. The turbidity of the test organism suspension was adjusted to 1.0 McFarland (optical density at 530 nm between 0.23 and 0.27; Thermospectronic, Genesis TM20). In addition, 30 wells (5.4-mm diameter) were bored aseptically with the help of a sterile cork borer in a well-spaced pattern. Voriconazole was kindly supplied by Pfizer (Pfizer S.A., Madrid, Spain). Twenty-five-microliter aliquots of clinical samples were pipetted in triplicate into individual wells. This amount of plasma was allowed to diffuse through the agar at room temperature for 1 h, and the plates were then incubated for 20 h at 37°C.
Human commercial serum (Sigma-Aldrich, Madrid, Spain) was used as the matrix for calibration standards (CS) and quality control samples (QC). Two separate stock solutions of voriconazole were used to prepare CS and QC.
A validation procedure was performed in different experiments including CS and QC. The concentrations evaluated are shown in Table 1 .
The assay was repeated over 4 days for QC, over 2 days for CS, and for 1 day for clinical samples. Zones of inhibition were measured using a metric caliper micrometer (Fowler, Ultra-cal II; Sylvac, Bévilard, Switzerland) by two different analysts (blinded measures), taking the average of both measurements as the final result.
The bioassay results were tested for linearity, precision, and accuracy. The criteria for acceptability of data included accuracy (relative error [% RE]) within a 15% deviation from the nominal values and precision within 15% of the coefficient of variation (% CV), except for the lower limit of quantification (LLOQ), for which data should not exceed 20% of the CV (22, 23) . The standard curve was logarithmic in the range of 0.25 to 8 g/ml. The LLOQ was 0.25 g/ml, which was slightly better than that from other recently published assays (0.5 to 3.00 g/ml) (16, 19) . Between-and within-day values for accuracy and precision of the CS and the QC samples are shown in Table 1 . Precision and accuracy were within the limits established by international guidelines, with coefficients of variation lower than 12%, a value comparable with that for other published bioassays (17) (18) (19) . Bioassay variability has been reported to be associated with the natural antimicrobial serum activity or biases in the measurements of the inhibition zones (24, 25) . Although natural antifungal serum activity is difficult to determine, no zones of inhibition were obtained from any of the blank commercial serum samples included in each sample set performed. In addition, the dynamic range defined for this bioassay (0.25 to 8.00 g/ml) included the therapeutic range considered for clinical decisions (from 1.0 to 6.0 g/ml).
A cross-validation was also performed, using a total of 58 human serum trough samples. Samples belong to 11 patients (46 samples) and 12 external QC samples received from an international interlaboratory proficiency testing program for antifungal drug quantifications. Agreement between measurements was evaluated by using the intraclass correlation coefficient (ICC; Paws 18.0; Paws Statistics, Madrid, Spain). A P value of Ͻ0.01 was considered statistically significant. Results were also compared by using least-squares linear regression standard techniques (Prism 4; GraphPad, La Jolla, CA). For these calculations, the chromatographic method was considered the reference method. The correlation between chromatographic and bioassay methodologies in clinical samples was statistically significant, as indicated by the ICC value (0.965; range, 0.941 to 0.979; P Ͻ 0.01) and the linear regression analysis [bioassay: 1.1347(HPLC result) ϩ 0.0543; R 2 ϭ 0.899; coefficient of correlation, 0.9481; n ϭ 58 runs] (Fig.  1) . Several practical advantages for this bioassay could be enumerated compared to others previously described. One of them was the number of samples that could be evaluated (10 samples in triplicate). This fact reduced costs, working time, and biases in the measuring of the inhibition zones. Another benefit to add is the small volume of serum required to perform this bioassay (75 l), which indicates it is a good alternative when the amount of serum is not adequate (e.g., pediatric patients). One more practical advantage is the flexibility of the assay. Concerning the test organism, several strains have been used (17) (18) (19) , but a standard microorganism has not been defined for performing this methodology, and theoretically any strain of Candida showing a voriconazole susceptibility profile might be suitable as the test organism if it provided reliable and symmetric zones of growth inhibition.
In contrast, bioassay-based techniques show some limitations. This method quantifies the antifungal activity but fails to identify the drug or its active metabolites, and inhibition zones can be modified by concomitant antifungal drugs. Combined antifungal therapy should be taken into account, and a bioassay is not adequate for use for TDM in those patients.
Plots representing sequential serum drug concentrations measured by HPLC and bioassay were created for each patient with a C nom , nominal or theoretical concentration; CCS, experimental concentration of the calibration standards; CQC, experimental concentration of the quality controls. b n ϭ 3 for CS and n ϭ 6 for QC for within-day variability calculations. c n ϭ 9 for CS and n ϭ 24 for QC for between-day variability calculations. two or more samples (GraphPad Prism 4), keeping in consideration the target therapeutic range of 1 to 6 g/ml (8-10) (Fig. 2) . The graphical representation was intended to allow easy detection of discordant results that might affect clinical decisions, knowing that values out of the therapeutic range would imply a dose change. Concordance between individual data was checked, scoring as agreement (AgM) those cases in which both measurements were within the therapeutic range and differences were less than 20%; the classification minor error (MiE) was assigned when both of the measurements were in the same region of the therapeutic range but differences were more than 20%; a major error (MaE) classification was assigned when measurements were in different regions of the therapeutic range and the differences were less than 20%; a very major error (VmE) classification was assigned when results were in different regions of the therapeutic range and differences were more than 20%. The overall percentages of the AgM and MiE were close to 90.00% (41.37% and 48.72%, respectively). Six results were coded as MaE or VmE (Table 2) , and values reported from the bioassay were slightly higher (HPLC concentration average, 1.388 g/ml, versus bioassay concentration average, 1.636 g/ml). In our cohort of patients, good and reliable monitoring of voriconazole levels could be performed by bioassay. The main drawback in the evaluation of the clinical samples was the limited access to clinical records. In general, a more exhaustive follow-up should be recommended in those cases for which bioassay results are close to the upper and lower limits of the therapeutic range (1.00 and 6.00 g/ml). According to the high concordance values found, this bioassay is a reliable and nonexpensive tool to perform TDM of voriconazole, especially for clinical laboratories where chromatography facilities are not available. 
